The paper describes the system of calibration telescopes as a part of the experimental complex NEVOD. The setup operation parameters were analysed during experimental series from 01/06/2013 to 21/01/2015. The technique of the charged particle local density spectrum reconstruction is described. The results of the local density spectrum measurements are presented for the EAS electron and muon components in different energy ranges of primary cosmic rays.
Introduction
Direct balloon-or space-based experiments are usually used for measuring the energy of primary cosmic rays up to 10 14 eV. The integral flux above this energy level is less than 10 particles per m 2 day. As a result, these experiments cannot be effectively used at higher primary energies. The EAS experiments are mainly focused on investigations of primary cosmic rays in the range above 10 15 eV and usually require large array sizes of over 1 km 2 . In these experiments the technique of reconstruction of the primary energy spectrum is based on the approximation of the lateral distribution function (LDF) for charged secondary particles. The efficiency of the LDF technique falls drastically if the primary energy decreases below 10 15 eV. Therefore, the energy range from 10 14 to 10 15 eV is still insufficiently investigated. However it is of great interest for studying the origin and mass composition of cosmic rays and hadron interactions. For investigating this energy interval, more compact arrays and/or different registration techniques are required. The system of calibration telescopes (CTS) was primarily developed in the experimental complex NEVOD for the Cherenkov water detector (CWD) calibrating. But after a recent modernization it is also used as a detector of electron and muon components of EAS. CTS has a relatively small size but provides a unique opportunity for investigating cosmic rays in a wide range of primary energies from 10 14 to 10 18 eV.
The CTS setup
The CTS is a part of the experimental complex NEVOD [1, 2] (see Fig. 1 ) located within the MEPhI campus. The CWD which is the base of the experimental complex is surrounded on its three sides by the supermodules of the coordinate-tracking detector DECOR [3] . The CTS was constructed for calibration of quasi-spherical modules (QSMs) of the CWD [4] . This setup consists of two planes of 40 scintillation counters each: one plane is on the cover of the CWD and the other is on the bottom. Each plane has the size of 8×10 m 2 and the distance between them is 9.45 m. In both planes, the counters are arranged in a chess order. Such configuration defines 40 vertical telescopes located between the neighboring strings of QSMs. In total, CTS forms 1600 telescopes with 40 different zenith angles within a range from 0 to 51 . The angular accuracy for reconstructed muon tracks in telescope events is better than 2 . 
The scintillation counter
The scintillation counter (see Fig. 2 ) consists of the following parts: a waterproof metal housing; a scintillation block with total size of 40 × 20 × 2 cm 3 , a light collection system, and a photomultiplier (PMT) with a front-end electronics board.
The scintillator is assembled of two blocks of four scintillation plates (200 × 200 × 5 mm 3 ). Each plate has 4 parallel grooves of 200 mm length, the width of 1.3 mm and the depth of 2.2 mm. The scintillator is enveloped from four sides with diffusely reflecting material (Tyvek). The outer ends of the blocks which are perpendicular to the grooves in the plates are sealed with a silver tape.
Eight WLS fibers (Kuraray Y-11) are used for collecting the light coming from the interior of the scintillator. They are located along the parallel grooves inside the first and the third layers of plates as shown in Fig. 2 . Before they are installed in the blocks, all the ends of the fibers are polished. The free ends are inserted into a textolite optical socket to be connected to the photomultiplier. FEU-85 photomultiplier with the diameter of 25 mm is used for our counters. It has a multialkaline photocathode and a multiplier system with 11 dynodes. The electronic board on the PMT socket contains DC voltage converter (+12 V to the negative 700 -1000 V) and anode signal amplifier to transfer the signal to the registration system. Two coaxial RK-50-3-34 cables provide low voltage supplying and transferring signals from the counters.
Each counter was primarily calibrated at a special test facility. The supply voltages for PMTs were adjusted to provide dynamic range of about 50 relativistic particles for the counter response. As one relativistic particle, the most probable amplitude of counter response to the single vertical muon was chosen. The light collection nonuniformity of this counter design does not exceed 20%.
The registration system
The CTS registration system consists of two blocks of electronics of the plane (BEPs). Each BEP (see Fig. 3 ) provides analog signal digitization, transferring logical signals to the triggering system and communicating with the central computer via Ethernet for one plane of CTS. The BEP consists of: 1.
Five 6U amplitude analyzer modules (MAA-02P) connected with two buses (PC-104 and trigger bus);
2.
The PC-104 bus controller based on micro-PC WAFER-LX3 3.5; 3.
Voltage converter which supplies both electronics of BEP and 40 counters; 4.
Fan-out circuit of "Storage" signal. Each registration channel of amplitude analyzer has spectrometric and logical tracts. The spectrometric one provides the charge digitizing of the signal in range from 0 to ~500 pC with 12-bit ADC. The logical tract is used for transferring to the outer triggering system the signals of hit counters with fixed amplitude (LVDS standard) and duration (100 ns).When the "Storage" signal is fed to the BEP the inputs of amplitude analyzers are blocked during the data transfer to the main PC. Every 20 minutes, the controller interrupts the experimental run and initializes the operation monitoring procedure.
The triggering conditions
The triggering system of the experimental complex [2] with the majority coincidence circuit provides generation of the total system signal "Storage", performs "live time" calculation, saves hit counters topology and monitors the triggering signal rates. The CTS triggering signal is formed in following types of events:
1. Not less than 3 counters in top plane hit within the time gate of 75 ns (M1).
2.
Not less than 2 counters in bottom plane hit within the time gate of 75 ns (M2).
3.
There are hit counters in each plane within the time gate of 75 ns (M3). When at least one of the conditions is realized, all setups of the experimental complex get the "Storage" signal. The first two triggers (M1, M2) are used for registration of multiparticle events in CTS planes, and the third (M3) provides data to calibrate both the QSMs photomultipliers and the CTS scintillation counters.
CTS operation in experimental series of 2013/2015
The experimental series which lasted from June 03, 2013 to January 21, 2015 amounted to 11144 hours of "live time". The time dependences of the total CTS counting rate and atmospheric pressure are shown in Fig. 4a . The estimated barometric coefficient for this period was 0.216 ± 0.006 %/mbar. The counting rates of the CTS triggers corrected for the pressure are shown in Fig. 4b . To monitor the CTS operability, the following parameters were controlled during each experimental run: 1.
The pedestal of spectrometric tracts.
2.
The counter rates.
3.
The amplitudes of counter responses. If one of these parameters within the experimental run was out of the valid range, this run was marked as a "bad" run and was not used for a further analysis.
To calibrate the scintillation counters, we selected the events (see Fig. 5a ) which contained only one hit counter in each plane (one on the top and one on the bottom). For these events, the muon ionization energy loss in the scintillator depends on zenith angle. Therefore the amplitudes of the counter responses in telescope events with nonzero zenith angles were converted to the vertical ones using the equation for the most probable energy loss [5] . As a result, we obtain the amplitude spectrum with a hump and a long right tail (see Fig. 5b ). The most probable amplitude is a very suitable value for determining the relationship between the counter response and single particle ionization energy loss in the scintillator. To obtain the most probable amplitude, we phenomenologically fitted the distribution within the boundaries at a half maximum (see Fig. 5b ) with the Gumbel distribution function [6] :
where x c is the most probable amplitude, w is the rms deviation and A is the maximum of the function. As a one "particle" for the data analysis, we used the amplitude of the counter response corresponding to the minimum ionizing particle (MIP) energy loss. 
Spectra of EAS particle local density

Spectrum of local density of charged particles
The electromagnetic cascades from EAS are the main componentof events in the CTS top plane. The traditional technique based on calculation of the lateral distribution function cannot be used in our case since the area of CTS plane is much less than a transverse size of EAS which is determined by the Moliere radius ( 70 m). Therefore our investigation technique is based on phenomenology of the local density of charged particles.
As mentioned in [7] , the charged particle density in the CTS plane can be determined by two different ways: by the multiplicity of hit counters and by their amplitude data. To determine the density by the amplitude data, the sum of "particles" registered in CTS plane is divided by the total area of all counters. When we use a multiplicity m of hit counters, we have to estimate the corresponding mean logarithmic density of charged particles. Assuming equal density for each counter, the probability of the counter hit is:
where s c is the counter area (0.08 m 2 ) and D is the charged particle density. The expected value of counting rate for a fixed multiplicity m of hit counters is calculated as:
where dF 0 /dD=A 0 (D/D 0 ) ( +1) is a trial spectrum of charged particle local density, n is a total number of counters, is the exponent of the integral spectrum slope, D 0 = 1 m -2 is a constant to compensate for the dimension. We chose a power function as the trial spectrum according to the results of preceding studies [8] . The parameters of our trial spectrum (A 0 and ) are evaluated from comparison with the experimental data. As a result of our calculations, we obtain the mean logarithmic density:
Where <lnD> is the mean logarithm of density. The hit counters efficiency and the EAS flux angular dependence are also accounted for. Their influence is equivalent to changing the effective area s eff of the counter:
where is the counter efficiency, is the zenith angle of the EAS arrival. To get the correct value D*, we have to place s eff instead of s c in the equation (2) and additionally average calculated values over zenith angles. The full "live time" of the measurements with the trigger M1 without "bad" runs amounted to 9361 hours ( 390 days). The total number of events is about 25.1 million. The counting rate dependence on the multiplicity of hit counters is shown in Fig. 6a . The ratio of experimental counting rates and calculated ones for the chosen spectral exponent of the charged particle local density =1.48 is equal to 1 in the range of multiplicities from 7 to 33 (see Fig. 6b ). It means that the spectrum has the power form within the corresponding range of densities. The results of the reconstruction of the charged particle local density spectra are shown in Fig. 7 . For the comparison, the spectrum for primary protons simulated with CORSIKA 7.40 [9] is also shown. It should be noted that in calculation of the model spectrum the effect of the building roof is not taken into account. The arrows in the Fig. 7 point to the places on spectrum where the local density of charged particles corresponds to the indicated mean logarithmic energies of primary protons.
Estimates of the charged particle local density spectrum exponents, obtained for specific density intervals, are listed in Table 1 . Indicated errors are purely statistical. Some difference in the absolute intensity of the spectra reconstructed by means of the different techniques may be related with local showers originated in the building roof by the electromagnetic component of EAS. Fig. 7 . The charged particle local density spectra. The red circles represent the spectrum reconstructed from the hit multiplicity; the black squares are the spectrum reconstructed from the amplitude data; solid curve is the simulated spectrum for primary protons. The errors do not exceed the size of the experimental points. 
Spectrum of local muon density
Between the top and bottom planes there is a 8.6 m layer of water. Therefore, only hard EAS component can reach the bottom plane, and we can use it as a muon detector. According to [10] , the transverse size of EAS muon component is much larger than CTS plane size, and therefore the local density technique by the multiplicity of hit counters is also applicable.
The full "live time" of measurements with the trigger M2 without "bad" runs was 9394 hours ( 391 days). The total number of events with multiplicity more than 2 is about 86 thousand. The two-fold coincidences are not taken in to account because the integral in equation (3) is divergent. The counting rate dependence on the multiplicity of hit counters is shown in Fig. 8a . The ratio of experimental counting rates and calculated ones for the chosen spectral exponent of the local muon density = 2.05 is close to 1 in the range of multiplicities from 3 to 19 (see Fig. 8b ). For the other interval from 20 to 40 the exponent changes the value. The event rate at high multiplicities is very low (1 or 2 per year) therefore, the events were summed for several neighboring values of multiplicity. The horizontal bars in Fig. 8b show the ranges of multiplicity where the events were summed. The results of the reconstruction of the spectrum are shown in Fig. 9 . The colored solid lines on the plot are results of fitting data in different ranges of the local muon density. The vertical dashed line shows the border between these ranges. The exponent values obtained as a result of fitting are also shown in Fig. 9 .
Measuring of the local muon density spectra has been performed earlier using the DECOR setup [10] for It was used for a rough estimation of the primary energy range. According to this formula, the primary energy range extends from 1016 to 1018 eV, and the energy where the exponent changes its value is about 1017 eV. These results are in a good agreement with the data obtained earlier with the DECOR setup [10] . 
Conclusion
The CTS is a small size setup at the Earth's surface. It provides a unique possibility to investigate primary cosmic rays in a wide energy range from 10 14 to 10 18 eV by means of registration of EAS electron and muon components. This energy range includes the interval of 10 14 10 15 eV which is still insufficiently investigated both in satellite and EAS experiments.
